The 200 kb region of the Bacillus subtilis chromosome spanning from 255 to 275O on the genetic map was sequenced. The strategy applied, based on use of yeast artificial chromosomes and multiplex Long Accurate PCR, proved to be very efficient for sequencing a large bacterial chromosome area. A total of 193 genes of this part of the chromosome was classified by level of knowledge and biological category of their functions. Five levels of gene function understanding are defined. These are: (i) experimental evidence is available of gene product or biological function; (ii) strong homology exists for the putative gene product with proteins from other organisms; (iii) some indication of the function can be derived from homologies with known proteins; (iv) the gene product can be clustered with hypothetical proteins; (v) no indication on the gene function exists. The percentage of detected genes in each category was: 20,28,20,15 and 17, respectively. In the sequenced region, a high percentage of genes are implicated in transport and metabolic linking of glycolysis and the citric acid cycle. A functional connection of several genes from this region and the genes close to 140" in the chromosome was also observed.
INTRODUCTION
The chromosome region between rrnB and dnaB genetic locus was assigned to us for sequencing in the European Bacillus subtilis genome sequencing project (Kunst et al., 1995) . Our approach to the sequencing of this genome is essentially based on using a yeast artificial chromosome (YAC) collection of ordered chromosomal segments . Sequencing o f two YACs covering about 140 kb of contigous area was recently reported (Sorokin et al., 1996a; Capuano et al., 1996) . This paper reports further development of this approach and its application to another two YACs, containing in total about 200 kb of new sequence. We report functional annotation of genes found according to the results of homology search in databases.
Long-Range PCR fragment cloning. Cloning of LR PCR products (5-20 kb) was performed in M13 phages or pSGMU2 plasmid (Errington, 1986) as described previously (Capuano et al., 1996) . A bank of plasmids with B-galactosidase fusions was also constructed by using a plasmid pDT1. This plasmid was constructed by insertion of a fragment containing ' -21' standard direct primer sequence and a B. subtilis ribosomebinding site sequence ( . . . ttAGGAGGAtaaataATG . . . ) into the plasmid pDIA5303 described previously (Sorokin et al., 1995) . The plasmid pDTl allows construction of transcriptional fusions with B-galactosidase gene as a reporter. At the same time this plasmid allows selection of promoter-containing fragments in E . coli. T o construct a bank of fusion plasmids, LR PCR products of 3 kb corresponding to regions of interest were treated by exonuclease Ba131 (New England Biolabs) and Klenow polymerase (Boehringer), and were then ligated with SmaI-cut and dephosphorylated pDTl. After Fig. 7 . PCR map of the rrnB-dnaB region of the B. subtilis chromosome. Only the minimal map described in the text is shown. Known sequences longer than 1 kb are shown by hatched bars. Corresponding GenBank accession numbers and genetic loci names are shown above the bars. White rectangles correspond to LR PCR fragments synthesized by using appropriate primers, designated by small black arrows. Inserts in the YAC clones used to construct the map are shown below the scale line. Scale is in kb corresponding to GenBank accession number AF008220.
transformation into E . coli TG1 cells, blue colonies were selected on plates containing 50 pg ampicillin ml-l and 25 pg X-Gal ml-'. Plasmid DNA was prepared from these cells as described by Sorokin et al. (1995) and used for sequencing.
Sequencing. ssDNA of M13 phages was prepared as described earlier (Sorokin et al., 1993) . For the reverse sequencing ds DNA of the inserts was prepared by PCR using primers: S'GTTTTCCCAGTCACGAC3' and S'GAGCGGATAACA-ATTTCAC3'. Plasmid DNA for sequencing was prepared as described (Sorokin et al., 1995) . PCR products used for sequencing with dye terminators were purified by the Wizard PCR:# Preps kit (Promega) or agarose gel electrophoresis. Direct and reverse PCR sequencing was performed using ABI PRISM direct, reverse or Dye Terminator Sequencing Kit (Applied Biosystems) on the Perkin Elmer 9600 thermal cycler or the Catalyst station.
Oligonucleotide synthesis and standard PCR. Oligonucleotides were synthesized in the DNA synthesizer 'Oligo 1000' (Beckman). Standard PCR was performed by using M13 DNA or supernatants and B. subtilis or yeast chromosomal DNA in the conditions previously described (Sorokin et al., 1993) . Primers used for LR PCR were 20-22mers, chosen to contain 12 GC bases. Most of the sequences of primers, shown on Fig.  1 , were presented previously (Sorokin et al., 1996b min; 12 cycles of 10 s melting at 94 "C and 12 min annealing-polymerization-repair at 68 "C followed by 24 cycles with increasing the extension time 15 s for each cycle.
Computing. The program XBAP version 9.0 was used for gel assembling and consensus sequence generating (Dear & Staden, 1991) . XNIP was used for sequence interpretation. Sequence homologies were searched using FASTA (Pearson & Lipman, 1988) , contained in the GCG package, version 8.0, or BLAST (Altschul et al., 1990) realized on the NCBI e-mail server (URL : http : //www.ncbi.nlm.nih.gov/BLAST/) .
Nomenclature. The nomenclature for putative ORFs is coordinated with the B. subtilis genome project as described by Sorokin et al. (1996a) . Finally it was adopted to exactly coincide with gene names in the SubtiList database (Moszer et al., 1995) .
RESULTS AND DISCUSSION
Construction of a minimal PCR map of the rmB-dnaB region of the B. subtilis chromosome
The physical map of the rmB-dnaB region, relevant to our sequencing strategy, is shown on Fig. 1 . Most of the region appeared to be cloned in two YACs, 15-132 and 11-105 . Several sequences of this region were reported previously and are available from GenBank under the accession numbers: M10606 for the rrnB operon (Green et al., 1985) , 225795 for the glg operon (Kiel et af., 1994) , M74183 for the men operon (Driscoll & Taber, 1992; Rowland et al., 1995) , L31845
for UDP-N-acetyl muramate-alanine ligase, X65945 for aroA (Bolotin et al., 1995) , M34719 for ccpA (Henkin et al., 1991) , L17309 for the acu operon (Grundy et al., 1993b) , M77668 for tyrS (Henkin et al., 1992) , M34718 for rpsD (Grundy & Henkin, 1990) , L17320 for ackA (Grundy et al., 1993a) , M12620 for sspA (Connors et al., 1986) , U05257 for citZCH (Jin & Sonenshein, 1994) , M23549 for phoPR (Seki et al., 1988) and X04963 for dnaB (Ogasawara et al., 1986) . YAC15-132 carries an insert of -175 kb as estimated by PFGE . DNA from this YAC was purified, cloned in phage M13 and 500 clones were sequenced randomly.
This yielded 42 representative contigs containing each at least two sequences from independent phage clones. We chose 32 representative contigs and applied the (MLA PCR) mapping strategy described previously (Sorokin et al., 1996b) . The PCR map (shown in Fig. 1 (Bolotin et al., 1996) .
N o discrepancy was found.
Sequencing of the rmB-dnaB region
Sequencing strategy was based on using the LR PCR fragments shown in Fig. 1 (Capuano et al., 1996) . We estimated the mutagenesis rate of LR PCR during sequencing of YAC15-132, by determining the number of mutations in the 67600 bp area between primers AG2-AC8 and AF8-AG8 (Fig. 1 ). The correct sequence was considered to be that occurring in the majority of clones. The mutation rate appeared to be 1 in 7000 bp (Sorokin et al., 1996b) . It can therefore be concluded that the error rate due to LR PCR mutagenesis is negligible compared to that of a standard sequence reaction, that is, usually, 1 in <400 bp for the most reliable parts of gel readings. T w o approaches for sequencing of the 5-18 kb LR PCR fragments were used. In the first, several fragments were mixed in equimolar quantities, their ends were randomized by restriction enzymes or Ba13 1 exonuclease, and cloned in plasmids or M13 phage as described in Methods. Phage or plasmid DNA from the clones was then sequenced by direct and reverse standard fluorescent sequencing primers. In the second approach the purified LR PCR products were sequenced directly by synthetic primers and fluorescent dideoxy nucleotides (the primer walking approach). We found the quality of the direct sequencing of the 5-18 kb PCR fragments was satisfactory only when F667Y modified Taq DNA polymerase was used (Tabor & Richardson, 1995) . However, eventually, with a frequency of 1 in 2000 bp, there was a base call with primers corresponding to different DNA strands, although in both cases no ambiguity was observed between single-strand readings. Cloned templates were used to establish the correct sequence. Sequencing by primer walking can be used, however, especially for DNA segments difficult to clone. In such cases the ambiguities were resolved by synthesizing two primers, each corresponding to one sequence, and using them for sequencing of LR PCR products, since only the correct primer yielded the readable sequence. We suggest that this may be a rather general way to establish the correct sequence in a number of cases. The reasons for the occurrence of problematic places in LR PCR direct sequencing are not known, and may be worthy of a thorough study.
A. L A P I D U S a n d O T H E R S
The complete sequence, determined on both strands with a mean redundancy 6 and minimum of 4, spans primers AG2-AA8 (coordinates 13 and 130 kb, Fig. 1 ) and AC7-AH6 (coordinates 133 and 213 kb, Fig. 1 ). We resequenced the regions that were already in the databases (GenBank accession nos M74183, L17320, M12620, U0.5257 and M23549) and detected 37 discrepancies. Some of these may correspond to sequencing errors and some to strain differences. Our sequence corresponds to the B. subtilis 168 trpC2 strain, with the error rate estimated to be less than one mistake in 7000 bp. Most of the ambiguities (23) were detected in the sequence M74183, encoding a part of the menaquinone biosynthesis operon. All places where discrepancies have been detected were sequenced at least three times on each strand and the tracks were carefully analysed. Total sequence between the 5' end of primer AG2 and the 3' end of primer AH6 contains 197815 bp. These include a contiguous 14025 bp sequence between AA8 and AC7, which we did not resequence. Only one reading was done (position near 137 kb, Fig. 1 ) to confirm the join between sequences M34719 and L17309 from GenBank. (215) 343 (432) 41.8 (67) 285 (172) 378 ( The approach to determine the gene functions is based logous refers to genes having the same biological on searching for the homologous proteins, and reveals function in different organisms (Fitch, 1970 regulation of synthesis or specific biochemical property, such as dependence on cofactors, can be a reason for the difference of the biological functions of proteins. Classification of a gene to a group of paralogs identifies a set of possible biological functions, which can be tested experimentally. We used the formal criteria described by Tatusov et al. (1996) to assume that the homologous proteins have the same biochemical function in the cell. The requirement is that the sequences of the proteins with the same biochemical function can be aligned throughout most of their length, with the exception of domain deletions. This functional classification of sequenced genes can be considered as the first step of a gene-function-searching algorithm that comprises alternating application of biochemical and biological experimental approaches. Tables 1 -4 list the genes in the sequenced region classified by the criteria of decreasing evidence for the function. For 39 genes, at least one of their functions is experimentally determined ( Table 1 ).
The biological function is defined here as knowledge of genetic, biochemical or physiological conditions when the properly regulated expression of the gene is essential. The biological function is indicated more precisely, when possible, by assigning the gene to a cellular process for which such conditions can be well-defined, such as a metabolite biosynthesis, citric acid cycle, protein biosynthesis, etc. (Table 1 ). The results of homology searches usually indicate the biochemical function of a gene product, which does not necessarily reveal the biological function of the gene. There are 55 genes in this region encoding proteins for which biochemical (or sometimes even biological) function can be assigned from homology to known proteins ( Table 2 ). The third class groups 39 genes, for which neither biochemical nor biological function can be postulated from homology to known proteins (Table 3) . We refer to these as encoding proteins with known motifs. Finally, 60 genes encode proteins with unknown function ( Tables 1 and 2 . This figure is almost twofold higher than the corresponding percentage for longer genome regions in organisms listed in Table 5 . As described previously, parts of the B. subtilis genome seem to be specialized in carrying the functionally linked genes (Daniel & Errington, 1993 ; Lazarevic et al., 1996; Mizuno et al., 1996) . If this is the case, we can suggest that the genes in the 200 kb rmB-dnaB region are specialized in performing the metabolic link between the glycolytic pathway and the citric acid cycle. The activity of many transporters detected in this area should presumably be involved in modulating this metabolism. It is noteworthy that the ccpA gene, encoding the principal catabolic regulator of B. subtilis, is also localized here (see Fig. 2 ) . On the other hand, the rmB-dnaB region seems to be almost cornpletely devoid of sporulation genes (' Other categories'
in Table 5 ) .
The gene ytpT encodes a protein highly homologous to spoZZZE gene product which was shown to be involved in the chromosome transfer between mother and daughter cell during sporulation (Wu & Errington, 1994) . The function of ytpT is not known. In this respect it is interesting to mention apparent functional similarity between several other genes in the vicinity of spoZZZE ( -135") and the rmB-dnaB region. The genes pdhABCD, encoding pyruvate dehydrogenase complex, and pycA, encoding pyruvate carboxylase, map at 125". They provide enzymic activities responsible for the entry of pyruvate into the Krebs cycle. The genes pckA, pykA, ackA, acsA, citZ, citH, malS, listed in Tables 1 and 2, encode activities dealing with the same metabolites. fruB, which encodes 1-phosphofructokinase (125"), is closely related to 6-phosphofructokinase encoded by p f k (Table 2 ) . polC, which encodes subunits of DNA polymerase 111, was mapped near 145 ' . We found another subunit of this polymerase encoded by dnaE ( Table 2 ) . Very close to it there is also polA, which encodes another DNA-synthesizing enzyme ( Table 1 ). The last couple of genes which may be regarded as functionally similar are codY, mapping at 145O, which encodes a recently characterized nutritional regulator (Slack et al., 1995) , and ccpA, the principal catabolite regulator, which was known previously ( A. L A P I D U S a n d OTHERS more efficient functioning in vivo, the corresponding proteins should work in some complexes and their positions on the chromosome provide a possibility of close spatial location of their synthesis. In this respect it is interesting to mention that if the circular genome map is divided by the axis of symmetry based on this similarity, the chromosome will be crossed by that axis near the origin (25") and terminus (205") of replication.
